autoxidation of ascorbic acid at alkaline pH values. Indeed, ascorbate may be important in protection against 02-generated in vivo. 2. Oxidation of ascorbate at pH10.2 was stimulated by metal ions. Stimulation by Fe2+ was abolished by superoxide dismutase, probably because of generation of 02*-during reduction of 02 by Fe2+, followed by reaction of 02-with ascorbate. EDTA changed the mechanism of Fe2+-stimulated ascorbate oxidation. 3. Stimulation of ascorbate oxidation by Cu2+ was also decreased by superoxide dismutase, but this appears to be an artifact, since apoenzyme or bovine serum albumin showed similar effects.
The superoxide radical, 02a-, is a highly toxic species that is formed in living organisms (for reviews see Halliwell, 1974; Fridovich, 1975) .°2--can be produced by autoxidation ofsome naturally occurring compounds, such as thiols, oxyhaemoglobin, ferredoxins, adrenaline and tetrahydropteridines (Fridovich, 1975) . O2-generated An ancillary protective mechanism in many tissues may be ascorbic acid, which can react with O2- (Allen & Hall, 1973; Nishikimi, 1975) Puget & Michelson (1974) reported that autoxidation of ascorbate at pH 8.8 was completely inhibited by superoxide dismutase, suggesting that O2" iS produced during this reaction. Recent studies (Hirata & Hayaishi, 1975) (Puget & Michelson, 1974) (0.15,umol) . The buffers used were Na2CO3 (300,umol, adjusted to pH 10.2 with HCI) or NaH2PO4 (300umol, adjusted to pH8.8 with NaOH). No significant pH change was observed on adding ascorbic acid to either system. Oxidation of adrenaline was followed by the rise in E480 (see Misra & Fridovich, 1972) when adrenaline was included in these reaction mixtures at a final concentration of 1.6 mM (in assays at pH 8.8) or 0.4mM (at pH 10.2). The rate of oxidation of adrenaline was followed both in the absence and in the presence of ascorbate and/or dehydroascorbate.
Reduction of Nitro Blue Tetrazolium was followed by the rise in E560 when it was included in these reaction mixtures at a final concentration of 25uM. There was no reduction unless ascorbate was added.
in all experiments, double-distilled water was used to minimize contamination by metal ions. Cuvettes were soaked in dil. HCI between experiments and rinsed immediately before use. FeSO4 was dissolved in water saturated with N2 at atmospheric pressure, immediately before use.
Results
The rate of autoxidation of freshly prepared solutions ofascorbic acid at pH8.8 was low. In agreement with the results of Puget & Michelson (1974) , it was decreased by addition of superoxide dismutase, although only partial inhibition could be achieved (Table 1) . However, exactly the same degree of inhibition was obtained by addition of the apoenzyme of superoxide dismutase or bovine serum albumin. Inhibition cannot therefore be attributed to removal of 02*-, but seems to be a non-specific effect of proteins. Similar results were obtained in studies of the much faster rate of ascorbate autoxidation at pH 10.2 (Table 1) .
02-can be detected by its ability to oxidize adrenaline (Misra & Fridovich, 1972 )-or to reduce Nitro Blue Tetrazolium (Beauchamp & Fridovich, 1971) . Neither ascorbate (0.05-0.2mM) nor dehydroascorbate (up to 0.4m) nor a mixture of the two, increased the rate of adrenaline oxidation at pH8.8 or 10.2 (see the Experimental section). In fact, ascor- Table 1 . Effect ofproteins on the oxidation ofascorbic acid Ascorbate oxidation was followed by the decrease in E265 as described in the Experimental section. The rate of fall in absorbance was constant for at least 8min. The bovine serum albumin used contained no detectable superoxide dismutase activity when assayed by the method of Beauchamp & Fridovich (1971 (Table 2 ). It thus seems that Fe2+-stimulated oxidation requires O2"-EDTA (0.3 umol) slightly inhibited ascorbate oxidation in the absence of added metal ion: it also slightly inhibited Fe2+-stimulated oxidation. However, oxidation in the presence ofFe2+ and EDTA was almost unaffected by superoxide dismutase (Table 2) . Fe3+ (lOOnmol) alone did not increase the rate of ascorbate oxidation, but in the presence of EDTA (0.3,umol) a marked increase was seen and superoxide dismutase had little effect (Table 2) . Zn2+ (lOOnmol) or Mn2+ (lOOnmol) also increased ascorbate oxidation at pH10.2, but these increases were unaffected by superoxide dismutase (50 units). As expected, Cu2+ was a very powerful catalyst of ascorbate oxidation; addition of 50 units of dismutase decreased the rate in the presence of Cu2+ (5.Onmol) by 50 %. Since the same effect was observed with apoenzyme or bovine serum albumin, it cannot be concluded that 02r iS involved in Cu2+-catalysed oxidation.
Neither Fe2+ (lOOnmol) nor Fe3+ (lOOnmol) increased ascorbate oxidation at pH8.8.
Discussion
No evidence could be found for production of 02*-during the autoxidation of ascorbate at alkaline pH values, and consideration of redox potentials rules out the possibility of 02-production at pH7 (Nishikimi, 1975) . Previous reports of inhibition of autoxidation by superoxide dismutase were probably due to inhibition by the protein rather than removal
Of 020-Why should proteins decrease the rate of ascorbate oxidation? There is evidence that an intermediate formed during oxidation can react with proteins (Orr, 1967a,b) . Also, the capacity of proteins to bind some metal ions, e.g. Cu2+ (Brigelius et al., 1974) , might contribute to the decreased oxidation rate, since EDTA had a slight inhibitory effect (Table 2) . Fe2+ increased oxidation at pH 10.2, but not at pH 8.8. This can be explained by the observation by Michelson (1973) that Fe2+ reduces 02 to 02*-at highly alkaline pH values (eqn. 3):
Fe2+ +02 -÷ Og+Fe3+ (3) O2 -can then react with ascorbate (eqn. 2), whereas the Fe3+ produced does not itself affect oxidation (Table 2) . Hence superoxide dismutase inhibits Fe2+-stimulated oxidation.
Addition of EDTA changes the mechanism of Fe2+-stimulated ascorbate oxidation. Halliwell (1975) proposed that Fe2+-EDTA, but not Fe2 , could react rapidly with O2 -(eqn. 4):
Fe2+-EDTA + 02A-+ 2H+-> Fe3+-EDTA+H202 (4) Hence any 02-produced during oxidation of Fe2+-EDTA should be removed by this reaction. The results in Table 2 suggest that it is mainly the Fe3+-EDTA that now oxidizes ascorbate (eqn. 5):
2Fe3+-EDTA + ascorbate --dehydroascorbate + 2H+ + 2Fe2+-EDTA (5) In agreement with this proposal, the redox potential of Fe3+ is increased when it complexes with EDTA (Noguchi & Nakano, 1974 (Michelson, 1973) and the rate of nonenzymic 02-breakdown, which is dependent on pH, is much faster, Fe2+ does not increase ascorbate oxidation.
The mechanism of these reactions may well be far more complicated than this, since we have not taken into account possible interactions of iron salts with H202 generated during ascorbate oxidation. However, the above proposals seem to account reasonably well for the observations made.
Thus ascorbate does not produce 02'-and probably helps to protect against it. Unfortunately, other oxidation products of ascorbate are themselves damaging to proteins (see above). Animal cells contain an NADH-dependent semidehydroascorbate reductase (Schulze et al., 1970) , and plant cells possess a reduced-glutathione-dependent dehydroascorbate reductase (Mapson, 1958) , presumably to help remove such dangerous oxidation products and to regenerate ascorbate.
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